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EVALUATION OF HYDROGEN FUEL IN A FULL-SCALE AFTERBURNER

By Donald E. Groesbeck, William R. Prince, and Carl C. Ciepluch

SUMMARY

A performance investigation using hydrogen fuel in a full-scale
afterburner wes conducted with particular study of fuel-injector config-
urations and afterburner length. A total of seven fuel-inJector config-
urations, grouped by type as concentric ring or radisl bar, were inves-
tigated at a burner-inlet velocity of spproximately 600 feet per second
over a range of burner-inlet total pressures from 330 to 950 pounds pexr
square foot absolute. Afterburner length was varied from 27 to 69 inches.
No fleme-stabilizing devices other than the fuel inJectors were used.

Data presented indicate thet maximum combustion efficiencies st a
balanced-cycle condition for & ring-type fuel inJjector in a 39-inch burner
were 94 and 78 percent for burner pressures of 8390 and 488 pounds per
square foot absolute, respectively. Increase in afterburner equivalence
ratio beyond that for peek efficiency resulted 1n a sericus drop-off in
combustion efficiency. Variation in fuel-injector variables such as di-
rection of injection, orifice dismeter, and fuel-bar dismeter did not
significantly affect combustlon efficiency.

INTRODUCTION

Analytical and experimental studies on the use of hydrogen as a fuel
in a ramjet, turbojet, simulated afterburner, tubular combustor, or a
short engine combustor are reported in references 1 to 9; however,
none of these included work on a full-scale afterburner. Therefore, the
purpose of this investigetion, conducted in an altitude test chember at
the NACA Lewis lsboratory, was: (1) to explore the problems assoclated
with using hydrogen in a full-scale afterburner, and (2) to determine the
burner-design varisbles that would be applicable to future hvdrogen after-
burners. In addition, the range of previous investigations has been ex-
tended to simulated altitudes of 90,000 to 100,000 feet and to Mach num-
bers of 2.0 to 2.5.

The burner-inlet total-pressure range used in the program was from
950 to 330 pounds per square foot absolute. The afterburner was designed
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for an average burner-inlet velocity of approximately 600 feet per sec-
ond. Afterburner variables receiving particular attention were the fuel-
injector configurations and the burner length. Because the primary ob-
Jective of-the program was an evaluation of-afterburner performance, only
general observations were made of operational characteristics such as
"shell” cooling and ignition; these observations are summarized briefly.

APPARATUS
Installation

The engine-afterburner combination was installed in an altitude test~
chamber as shown in figure 1. A bulkhead with a labyrinth seal around
the engine-inlet duct was used to sllow independent control of inlet and
exhaust pressures. The laboratory air systems supplied combustion air to
the engine and removed the exhaust gases; the facllity thrust system was
not used. The Investigation was conducted with an axiel-flow turbojet
engine.

Instrumentsation

The locatlon and the amount of instrumentation used in the after-
burner are shown in figure 2. A photograph of the water-cooled total-
pressure rakes ingtalled at station 9 is shown in figure 3. Engine fuel
flow (JP-4) was measured by a celibrated remote-indicating flowmeter.
Afterburner fuel flow was measured by a calibrated orifice. All of the
pressures were measured by null-type diaphragms recorded by a digital
sutomatic multiple pressure recorder (s modified version of the pressure
recorder used in ref. 10). The temperatures were measured with iron-
constantan and shielded Chramel-Alumel thermocouples and were recorded
by self-balancing potentiameters. Radiation and recovery correctiocns
were applied to all Chromel-Alumel thermocouple readings (ref. 11).

ATterburner Contigurations

Afterburner. - Figure 2 1llustrates the locationm of -the afterburner
components and presents the pertinent dimensions and burner detalls for
the two afterburners used. The two afterburners were the same except
that burner- A had a solid cooling liner, while burner B had no liner but
wage externally water-cooled. Liner misalinement between individual burner
gsections due to warpage led to the use of the water-cooled afterburner
configuration during the latter pexrt of the investigation. Both burners
consisted of various lengbth spool pileces (capable of being bolted to-
gether in sny order, thereby verying burner length). The diffuser, in-’
corporating antiwhirl vanes, vortex generstors, and a conical inner
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body, measured 38% inches in Iength from the turbine ocutlet to the burner

inlet. The diffuser configuration was selected for 1ts low whirl and
relatively flat velocity profille, as discussed in reference 12. The
burner section was cylindrical (29.4-in. dlesm.) and measured 6 feet from
the diffuser exit to the exhaust-nozzle inlet. Afterburner lepgth,
herein defined as the distance from the point of fuel injection t6 the
exhaust-nozzle inlet, was varied in burner A by relocating the 6-inch
spool plece containing the fuel injectors. Afterburner length for burner
B was varied by using the alternaste fuel-injector locstion. No '
conventionael-type flameholder was used in the investigation, since the
spray bars were expected to provide any needed flame stabilization. The
over-all length of the afterburners from diffuser inlet to exhaust-nozzle
outlet was approximately 12 feet and remained fixed for the entire
investigation.

Exhaust nozzles. - Four exhaust nozzles having throat areas ranging
from 86 to 62 percent of the full-burner area were used in the investi-
getion (fig. 4). The nozzles were constent-area convergent-divergent
types that were chosen because of the ability to remsin choked at a pres-
sure ratio (nozzle-inlet total pressure to ambient static pressure) of
approximately 1.2, as campared with a convergent nozzle requiring the
normal choked pressure ratio of approximately 1.9. The convergent-
divergent type nozzles were used because of the desire for extremely low
burner pressures, together with facility exhaust-pressure limitations
and the requirement of choked-exit station in the gas temperature calcu-
lations. The throat sections of the nozzles were water-cooled in order
to minimize any change in the throat area with heat addition.

Fuel injectors. - Seven fuel-injector configurations (figs. 5 to 10),
grouped by type as elther concentric rings or radial bars, were investi-
gated. The pertinent dimensions and details of the fuel injectors are
presented in table TI. )

METHODS AND FPROCEDURE
Engine Operation

An axial-flow turbojet engine was used to provide realistic
afterburner-inlet conditions; however, JP-4 fuel was burned in the main
engine combustor because of the limited supply of hydrogen. The effect
of using the two fuels was considered in sall applicable calculations.

The engine speed was sel and automgtically maintained by engine fuel-
flow modulation. Engine-inlet pressure was adjusted as required to masin-
tain desired burner pressure, and the exhsust pressure was mainfained at
a value sufficiently low to choke the exhasust nozzle.
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Afterburner Operation

The operating envelope that defines the area of the investigation
in terms of burner-inlet pressure and afterburner equivalence ratio (de-
fined in appendix B) is shown in the following sketch:
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The complete range of operating varisbles, including burner length,
nozzle area, and engine-inlet and burner-inlet pressure for all fuel-
injector configurations investigated, 1s presented in table II.

The afterburner equivalence-ratic range corresponded to a fuel flow
producing limiting turbine-outlet .gas temperature (approximately 1700° R)
either to minimum turbine-outlet temperature {approximately 1300° R}, or
to lean blowout, whichever occurred first.

The afterburner outer shell, fuel injectors, and cambustion zome
were observed visuslly during the investigation by using observation
ports and s periscope directed toward the fuel injectors from outside
the exhsust nozzle. . . e ——— R
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The symbols are defined in appendix A and the methods of calculation
are presented in gppendix B.

RESULTS AND DISCUSSION

The results, in general, are presented in the order in which the
tests were conducted, end the discussions evaluate the principles inves-
tigated. The severe afterburner velocity levels and inlet-pressure con-
ditions were selected in order to magnify any performance changes result-
Ing from modificaetions.

Combustion Efficiency, Configuration A

Three sets of efficlency data, representing a general exploration of
fuel-injector configuration A {concentric ring-type injector similar to
configuration reported in ref. 4), are shown in figure 11. Afterburner
pressure level had a considerable effect on efficiency, as noted in fig-
ure 11(a) by the 25-point drop in pesk values with a decresse in pressure
from approximately 900 to 400 pounds per square foot gbsolute. The occur-
rence of the peak efficiencies at an equivalence ratio of approximately
0.5 indicates considershle fuel-air stratification in the combustion zone
with locel zones operating at or near ideal flel-alr mixture, while the
other zones may be operating extremely lean or completely vold of any fuel
et all. Increasing the equivalence ratio beyond that for peak efficiency
resulted in over-rich local zone operation and, as & consequence, large
losses in efficiency. A cursory comparison of the efficiency values st
balanced-cycle conditions (burner-inlet temperature of 1700° R) in parts
(a), (b), and (c) of figure 11 may lead to false conclusions because the
exhaust-nozzle area is different in each of the three parts, and, since
the areas are different, beslanced-cycle temperature (1700O R) occurs at
vastly different afterburner heat releases. Since the peaks in the curves
in figure 11 all occur at approximately 0.5 equivalence ratio, they prob-
gbly are a function of the injection pattern. Also, the coincidence of
the 1700° R temperature and the 0.5 equivalence ratio (fig. 11(a}) re-
sulted in maximum efficiency values, even though the burner length was
the shortest investigated.

The conclusion cen be made that, for configuration A, the reduction
in gfterburner pressure severely penalized cambustion efficiency and
the performance did not meet the objectlve of high efficiency, especially
at fuel flows near stoichiometric fuel-air ratio where meximm thrust
output would be achieved. T T
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Design Considerations for Fuel Injectors

Orifice locations for a uniform fuel-ailr distribution are of in-
creaged lmportance in the absence of turbulence-generating or f£lame-
seating devices, such as flameholders (see table I giving the fuel-
injector configurations for orifice distribution). In addition to ori-
fice location, other factors heving a possible effect on the fuel-air
distribution and thus on the efficiency and stability limits are: (1)
injection direction, (2) orifice diameter and fuel penetration, and (3)
fuel-bar size. The effects of these variasbles are discussed in the fol-
lowing parsgraphs.

Effect—of fuel-injectlon direction. - Figure 12 shows the effect of
fuel-injection direction on afterburner performance st two burner pres-
sure levels. Radisl fuel bars (configuration D) were rotated in 45° in-
crements from full upstream to full downstream injection. For the high
pressure level, normal Injection caused a severe drop in efficiency and
stability margin; and, at the lower pressure level, 45° upstream injec- -
tion resulted in the same effect. From the results shown, it can be con-
cluded that upstream, 45° downstream, and downstream injection cause no
detrimental effects on stability characteristics.

Reference 5 reports that 45° downstream injection is a good compro-
mise on performance; this conclusion was based on a flatter efficiency
curve over a range of equivalence ratlos and on the fact that mild screech
was encountered only at certain conditions. A marked difference with in-
Jjection directiom 1s also reported. However, the conditions covered in
reference 5 sre not in the range reported herein, so a Jjuetifiasble com-
perison cannot be made. It does indicate, however, that additiomal in-
vestigation of fuel-injection direction is needed. T |

Effect of fuel penetration and injector-orifice diameter. - The use
of larger fuel-orifice diameters with consequently lower fuel supply -
pressure requirements for a given fuel flow 18 extremely important from
the standpoint of tenk welght in an aircraft installation.

Radial bars, injecting fuel upstream, were used in this investiga-
tion, and the injector orifices were maintained chcked in order to insure
no change in fuel distribution or possible coupling between combustion
oscillations and fuel flow.

However, a reduced supply pressure asssumedly would produce less pen-
etration and mixing, with a possible decrease in efficlency. A fuel sup-
ply pressure of 108 inches of mercury absolute and a spray-bar system of
0.023-inch-diameter orifices delivered the same fuel flow (afterburner
equivalence ratio approx. 0.54) as a pressure of only 30 inches of mer--
cury absolute with O.046-inch-dismeter orifices. Figure 13 shows that
the change in efficlency was only about 4 pointas and that, over the
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range tested, the efficlency spread was still spproximately 4 percent.
Since the efficiency curves did not fall in the same order as the supply-
pressure curves, 1t appears that the 0.033-inch-diameter orifice config-
uration was the optimum tested on the basis of fuel penetration, mixing,
and efficiency. It can therefore be concluded thet, for the particular
injector configurations reported, lowering the supply pressure for s given
fuel. flow had only a small effect on efficiency.

Effect of fuel-bar size. - Since fuel bars provide recirculatory
zones that may be importent to fleme stebilization, fuel bars of three
different dilameters were tested. The trend of combustion efficiency
with equivalence ratio was similar for bars of 3/8-, 1/2-, and 5/8-inch
diasmeter, as shown in figure 14. The efficiency level at a given equiv-
alence ratio also was not affected to any great extent by the change in
bar gize. The flame stability for the larger bars was better at the lean
fuel flows, as indicated by the greater operating range. As expected,
increasing the bar size from 3/8- to 5/8-inch diameter resulted in e

pressure-loss increase (about 2% points at balanced-cycle condition).

The efficiency for the balanced-cycle condition was epproximately 10
points higher for configuration G than for configurations E or F. This
increase may be explained by the fact that the higher flow resistance of
configuration G (due to higher blockage) produced limiting turbine-ocutlet
temperature (1700° R) at a lower afterburner heat release and, hence, a
lower equivalence ratio. Since the curves have the same characteristic
shape, the efficiency for canfiguration G is higher. The high level of
pressure loss (AP/P) should not be considered & penalty for the types of
configurations tested, since it results from the selection of a high
afterburmer velocity, chosen to provide severe cambustion conditions in
order to magnify any improvements resulting from modifications.

Combustion Efficiency Camparisom, Configurations A and B

The data already discussed show a marked drop in efficiency in the
range of equivalence ratios fram 0.5 to 1.0. The pesking of the effi-
ciency curves at lean equivalence ratios indicates stratification and
extremely little penetration and mixing. For afterburner application
where maximum thrust is desired, efficient burning at an afterburner
equivalence ratio approaching 1.0 is required. From the preceding data,
it eppears that additional points of injection are required for a more
homogeneous fuel-air mixture, and, in view of this, a modified ring-type
fuel injector (configuration B) was constructed with orifice spacing
based on the mass-flow profile. Configuration B had a hole density of
4.15 holes per¥ square inch of burner area, whereas configuretion A hed
a hole density of 2.12. (The configuration in ref. 4 had & hole density
of 4.45.) The comparison of the two injectors investigated is shown in
figure 15. The modification (configuration B) raised the combustion
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efficiency at a given equivalence ratio 8 to 10 points and greatly im-
proved the lean operating range. However, peak efficiency still occurred
at a lean equivalence ratio, and the drop in efficiency on either side of
the peak was still rapid. For example, a change in equivalence rabtlo of
0.1 point on either side of the peak dropped-the efficilency 4 to 9
points. Configurstion B, because of 1ts greater blockage and higher heat
release for & given equivalence ratia, had the expected higher pressure
loss.

The conclusion can be made that the rapid decrease in efficlency
fram peak values shows fuel distribution to be a major problem in after-
burner design for hydrogen fuel. One solution for improvement on the
lean side, at least, might—be—+to stratify the burning zome by using some
combination of splltter plates and multiple-injector system rather than
to attempt a further increase in the number of injection holes in a
single-injector system. The possibilities of mixers, flameholders, or -
other turbuléence-generating and flame-stabilization systems also remain
to be evaluated.

Performance for Two Afterburner lLengths

A comparison of burner performence for two afterburner lengths, 27
and 39 inches, at two pressure levels is shown in figure 16. For the
higher pressure condition the reduction of the burner length by 12 inches
hed no effect on the balanced-cycle efficiency but did reduce the pesk
efficiency and lesn stability limits. For the lower. pressure conditlon,
the same reduction in length resulted in a 20-point drop in balanced-
eycle and peak efficlency. Lean operating range at both pressure levels
was 1improved by the additional burning length The pressure loss was in-
creased 1 point for the longer burner. Cm e e -

From these data, it can be concluded that the burner length becomes
increasingly important at reduced burner pressures. Also, it appears
that a burner length of over 3 feet will be required for efficient oper-
ation at these low pressures and high velocities with a blrner having no
flame-stabilizing device other—than the fuel injectors.

Balanced-Cycle Operation

In regard to the variation in absolute performance values with equiv-
alence ratio, only those obtalned at balanced-cycle conditions are signif-
icant in afterburner work. The variation in afterburner-inlet environ-
ment with equivalence ratic for different constant-area exhaust nozzles
and the balanced-cycle performance cbtained therefrom are shown in fig-
ures 17 and 18 for configuration B at two pressure levels. For operatlon
with the constant-ares nozzle, both burner-inlet temperature and pressure
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increased with equivalence ratio (fig. 17) as expected, because of the
greater heat release associated with the higher fuel flows; the larger
nozzles, of course, permit grealer heat addition before limiting turbine-
outlet temperature is reached. The varigstion in burner-inlet velocity
for different nozzle sizes and eguivalence raetios results from the asso-
ciated effects of burner enviromment on the engine pumping characteris-
tics. The absolute variation in balanced-cycle efficiency with equiv-
alence ratio is shown in figure 17 by the heavy lines that connect the
individual balanced-cycle points for each nozzle.

Balanced-cycle performance for afterburner pressures of 830 and 488
pounds per square foot absolute are summarized in figure 18. The maximum
cambustion efficiencles were approximately 94 and 78 percent, obtained at
equivalence ratios between 0.3 and 0.4, for burner pressures of 890 and
488 pounds per square foot absolute, respectively. A serious drop-off
in efficiency occurred as the equivalence retic was increased beyond that
for peak efficiency. At an equivalence ratio of 0.8, corresponding effi-
clencies had dropped to 77 and 68 percent. The pressure-loss increase
for balenced-cycle conditions was approximately linear with increase in
equivalence ratioc; extrapolation indicates a dry pressure loss between
4 and 5 percent (fig. 18).

A performsnce comparison of hydrogen and JP-4 fuels is shown in fig-
ure 18. The JP-4 curves are the result of cross plots and represent, at
the present time, good performance for an afterburner. Although the hy-
drogen fuel curves (same as fig. 12) are not at balanced-cycle conditions
as are the JP-4 curves, the efficiencies should be conservative compared
with the values that should be attainaeble at balanced-cycle conditions
with a variable-area nozzle.

It should be pointed out, In regard to the preceding comparison,
that at more extreme afterburner conditions the mergin of difference
probebly would be considerably greater in favor of the hydrogen fuel.
Also, the performence reported herein represents early hydrogen after-
burner development data, as contrasted to many years of research with
JP-4 fuel.

In summing up the balanced-cycle operation of configuration B, the
major conclusion is that, from the standpoint of meximum burner output
(stoichiometric operation), the trend of efficiency with increase in
equivalence ratio indicates a definite need for further afterburner
development.

Operational Cbservations

Autoignition (as observed by periscope) always resulted at burner-
inlet temperstures of approximately 1100° F or higher for all conditlons
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investigated. Similar spontaneocus  ignition characteristics are also
reported in reference 4.

Burning took place across the entire combustor immediately upon the
start of fuel flow; no coupling reaction occurred (with ignition propa-
gating from one fuel injector to another and, finally, full burner oper-
ation) as is sometimes observed with hydrOCarbon fuels. Operation with
fuel injectors of the ring-type resulted in definite concentric light
blue and dark blue flame rings, with the lighter rings corresponding to
the location of the fuel rings. The light and dark rings indicated a
lack of fuel penetration and a need either for more finely distributed
points of fuel injection or for better mesns of mixing fuel and air uni-
formly. The same flame characteristics were noted for the bar-type in-
Jectors, in which case the lighter flame regions were radilal in directiom.

No cooling or structural problems were encduntered for the fuel in-
Jjectars investigated (all injector configurations had 1/52—in. walls with
the exception of the trunks on the ring configurations, which were 1/16-
in. wall).

Some periscopic observations, made when combustion occurred cutside
of the afterburner, indiceted e need for a flame stabilizer. This phe-
nomenon weeg noted generally at conditlons of extremely low burner pres-
sure, short burner length, and downstream injection.

The occurrence of audible screech for all configurstions investi-
gated is presented in figure 20. The data points represent steady-state
operation in screech. No attempt was made to evaluate or eliminate
screech; however, a tape recording using a microphone located ocutside the
test chaMber revealed & screech frequency of approximately 1000 cycles
per second. Screech wag never encountered at equivalence ratios below
0.4, and no structural damage due to screech was noted under the condi-
tlons investigated. However, screech possibly might have been eliminated
by some meansg employed in reference 13.

SUMMARY OF RESULTS

The results presented herein represent an evaluation of the use of
hydrogen fuel in a full-scale afterburner and are summarized as follows:

The combustion efficiency was not significently affected by the di-
rection of fuel injection. However, based oh stebility characteristics,
the injection upstream, 45° downstream, or downstream appeared most de-
slrable. Variation in fuel supply pressure (and penetration) affected
the combustion efficiency only slightly. In the range covered, the effi-
ciency level was not significantly affected by the diameter of the radial
fuel-injector bargs. The efficiency of the concentric-ring-type fuel ’
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injector was improved on the lean side by increasing the number of in-
Jection orifices, whereas the rich side was not appreciably changed.

A method for obtaining adequate mixing of the fuel and air in =addi-
tion to uniform fuel inJection is necessary in the design of an efficient
hydrogen fuel-injection system.

Afterburner length becames Increasingly important for burner-inlet

‘pressures of about 500 pounds per squere foot absolute and lower.

The maximum combustion efficiencies at balanced-cycle conditions for
the modified ring-type fuel injector in a 338-inch burner were 94 and 78
percent for burner pressures of 890 a.nd 488 pounds per square foot sbso-
lute, respectively.

Throughout the text, emphasis was placed on the severe drop in
afterburner efficiency at high equivalence ratios beyond those for peak
efficiency. This is a serious shartcoming, since an afterburner is nor-
mally used most effectively at high eguivalence ratios. The decreasing
trend in efficiency with increasing equivalence ratio is believed to be
associated with severe local variastions in fuel-air ratio. Possible
causes of these variations could be the separated flow regions on the
inner body, wakes from struts, or osclllstions present wilth screech.
Since all configurations screeched at high equivalence ratios at all
burner pressure levels investigated, the next logical step would be to
eliminate screech.

Autoignition always resulted at an afterburner-inlet temperature of
approximstely 1100° F, or higher over the test range investigated. Same
audible screech of atbout 1000 cycles per second was nobed at equivalence
ratios greater than 0.4.

Iewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, August 13, 13957
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APPENDIX A

5YMBOLS

The followlng symbols sre used in this report:

A cross-sectional area, sq ft
Cqp expansion coefficlent (assumed = 1.0, water-cooled throst)
Ca discharge coefficlent

f/a  fuel-air ratio
acceleration due to gravity, 32.2 ft/sec2

mgss flow, lb-secz/ft

m

P total preesure, 1b/sq £t

R gas constant, 1544/molecular weight, f£t-1b/(1b)(°R)
T total temperature, °R

w welght flow, 1b/sec

T ratio of specific heats

U combustion efficiency

oo} equivalence ratio, percentage of stolchiometric fuel-air ratio
Subscripts:

a air

b afterburner

e engine i

f fuel

g gas

id ideal

nv midfreme vent
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N nozzle throat

st stoichiometric

t total

1 engine inlet

5 diffuser inlet

9 exhaust-nozzle inlet

13
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APPENDIX B

METHODS OF CALCULATICN

The engine-inlet and minor airflows are calculasted by means of the
one-dimensionel flow parameters given in reference 14, The equation is:

m~/gRT1\ P4,
W =
a,1 F1t ) VRTeT

where - . - R

m-/gRT
PA
tion of the static- to total-pressure ratio and of the retioc of specifie
heats (v = 1.4), and where A is the calibrasted area of the measuring
station. : o - : - :

is the reciprocal of the total-pressure parameter and is a func-

The diffuser-inlet airflow is defined as the engine-inlet airflow
minus the bleed flow:

- W
a,l a,mv

The exhaust-gas tempersture is calculated (choked exhsust nozzle) by
using the exhaust-nozzle-Inlet total pressure and the continuilty equation
and results in the following equatlon:

2
PoAnCrlq) Y9
g9 R/g Yg+l

Tg"—'-

whére

Vg, 9 = wa,s[} + (f/a)é] and Cgq = 0.973, as cbtained fram exhsust-nozzle
data for nonburning conditions.

The afterburner combustion efficiency is defined as the ideal after-
burner equivalence ratio divided by the measured afterburner equivalence
ratic and may be written

_ %ap,ia

Yab q)a.b
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where

q’ab,id = —{— R ; cPt,id is cobtained from the temperature rise

acrosg engine-afterburner cambination for blemnds of JP-4 and hydrogen
fuel, similer to method presented in reference 15; @, 34 comes from the
2z

temperature rise across the engine, as in reference 15, and
_ P - cl)ez:i.d.

Peb 1- Pe,1a

P = P + Pgp

_ Wf,e/ﬁé,s - Ve ab/Va,5
(f/a‘)st,e (f[a)st,a.b -

Fuel characteristics used in the calculations are:
Lower heating value (hydrogen}, 51,571 Btu/lb (purity, 98 percent)
Lower heating value (JP-4), 18,670 Btu/lb

(£/2) gy (Byarogen) = 0.02916

(f/a)st(JP_4) = 0.0672
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TAEIX T. - FUEL-INJECTOR CORFIQURATIONS"

Riog Bar
Confipuretion |Injector | Nomber Injeater |Orifice Total Projeoted | Configumaticn arifice Ramarks
of dismater, |dlametar, | mmber |[blookage, | ratlo shown | distribution s
Injectora in. in, of peroent in figpure baso
orifices full- '
burner
area
A Gonoan- 13 bl/l 0.033 %1440 26 5,8 Equally 80 Percent radial with
trio : spaced 10 percent axial up-
mings strean injaction,
8 fusl msators
B Py dg /50 028 "2g08 57 7,8 Maos-flow 100 Peroent axial up-
preofile otresm Injection,
8 fusl neotors
c Radia) ] 5/8 023 1440 25 9,10 Arsz welghted |15 - 8.7-Inch and
bars %0 - 4.7-inoh bars
looated 1 inoh down-
stream of 16 -~ 12.7-
inah hars
D 80 L7 ] 0358 1440 3 8,10 Unad In fuel-injsction-
dirastion investigebtlon
i 80 3/ 048 1440 28 9,10
80 172 048 1440 53 8,10
80 5/8 048 1440 42 9,106 ]

%0cnfigurations groupad as followa:

A and B, for =ffeot of nuxbar of orifisss
¢, D, and E, for effeat of arifice dianetar
E, F, apd G, fop effsat of fusl-ber diamater

bxee rig. 5.

SHols denoity, 2.12 halea/sg in. of burner area.

Y2ea rig. 7.

FHole denwity, 4.15 holea/sq in, of burmer arsa.

SOHLSE WY VOVK
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TABLE II. - RANGE OF AFTERBURNER OPERATING VARIABLES

Fuel-injector Burner Burner |Exhsust-nozzle |Engine-inlet ner-inlet
configuration |configuration|length, |ares, percent pressure, pressure,
in. of full-burner P2 3 PS )
area 1b 1b
sq £t abs gq £t abs
A A (liner) 69 86 270 375-515
¢ 69 86 322 476-608
69 86 425 678-848
B gno ld.nerg 39 80 270 427-491
B (no liner 39 80 480 794-902
A (liner) 27 70 219 371-412
273 422-519
322 477-848
372 529-715
Y  J 452 624-908
B B (no liner) 27 80 274 420-511
a7 480 708-892
39 272 365-496
480 665-830
70 275 416-512
70 481 716-927
52 277 408-516
4 62 483 875-933
c 70 275 435-505
D 70 273 404-515
D 70 479 752-950
E 80 275 425-508
70 274 431-511
70 479 751-897
"F 80 275 385-~503
F 80 483 705-927
G 86 275 389-504
88 483 663-208
80 275 333-502
Jr {r 80 484 695-940




- g L1l IS

|1(g )

v*‘ :
-1 i o
O AR -
. -~




Station 5 fsaction ] Watar-cooled
, __l 5 Cooling Liner section
L - _Lr/ e
h\k T~ _§_ i |
o) Burner length
Idffuser 00‘ 65— Exheust nogzle
inner 4
body _g_o o84
13 '
o
Q.
3
0
/ﬂ/ J-
] T L = : —
1
263 12 l 88 18 -‘ 55 L a-wl-———-(Bea fig. 4, F}—
I I I T
: Station | Total-pressurs tubes | ¥all static-ressure | Tharmccouples
orifices
5 12 plus 1 imtegrating 2 i
k:] 13 plus 1 integrat 2 0
. (a) Burner A (with liner),
i
' Tusl spray barg-e Alternate fusl Weter-ooolsd
.\ acaticn sections
: Station 5 4’_‘:-
I
| ) '
| T~
| Exhaust nozxzle
' igmer body

aammmlt |

(b) Burner B

s
lB——*L—E—*L—E—'i‘-——————SB———————I—B«“—&-(Su £ig. 4, ¥l

(vithout liner).

Figure 2. - Detalls of sfterburners shioving location of instrumemtazion. (A1l dimensions in inches.}
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SO e

Figure 3. - Photograph showing water-cooled total-~pressure rakes installed
at station 9.
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I o . [
= f
Flow direction A - - ¢
1
. 500
Y
Bt | - E b
F r .
CD-5805,
Area norzle throat | Throat area, Norzle diameter
Area Full-burner, B8g Pt Inlet, | Throst, | Exit, |D, in.| B, in.| ¥, in,
parcent A, 1n.| B, in. | C, In.
BB 4,0635 29.4 | 27.295 | 32.180| 2.257 {34.828 | 37.185
80 5.8013 29.4 ) 26,400 } 31,1251 3,217 | 33.784 | 37.001
o 3.2878 25.4 | 24,590 | 28.990( 5.158 | 31.480 | 36.618
62 2.9848 29.4 | 23,157 | 27.302 | 6.694 ( 29.637 | 36.331

(Rote:

Figure 4. - Convergent-divergsant exhaust nogzles,

For all poszzles; area exlt-+ area throat = 1.39.)
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. "
1" 0.D. x== wall tube,
T flattened to-lzz width

:\
— \,//4\3

b4

n

n
N
n\an
Ad B e |

1t
12 T . .
3 JD. x =3 1:311 tubes,
100 1o flattened to =

4

Ends plugged

CD-5802,

Figure 5. - Fuel-injector sector, configuretion A; 6 sectors required.
Injection, 90-percent radial and 10-percent axiel; materisl, Inconsel;
all holes, 0.033-inch dlameter; total mmber of holes per sector, 240
(216 in rings and 24 in trunk). (A1l dimension in inches.)



Figmre 8. - Fuel injector, eonfigurstion A.

C~41486
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NACA RM ESTHOB <R a5

1 0.D. x 1/16 wall tube,
flattened to 1/2

xg_\,s 1 At /’—: \
5 16 5/16 0.D. x .031 wall

g3
\'ﬂ A5 T, 18 / ‘tubes flattened to 5/32
1832 g M8
% - .
\_5.355 n ¥ %:Z \ s -
[ 1% plugg
> 19 ¥ »
.\-'5. - -
5
_Lz,\- r( 10 ‘
¥ q ®
Fole location o o 8
9 1 |
9.V -
Ring iocatj.og from a5 ‘1 64; —_
5
1 0,21 '(-"_‘:5 5 . o
2 & .31 _ & 2
3 * 41 ) k=
4 t .51 RS~ = =
5 t .40 (&on ¢) *'35 2 “:l_
De 2
6~27 First and lest 228
holes 3/16 from
end of ring segment;
remalnder are egua
spaced between.
43°

CD-5804&

Figure T. ~ Fuel-injector sector, configuration B; 8 eectors required. Material,
Inconel; all holes, 0.026-inch dlemeter; all holes drilied for 100-percent axial
injection. Total number of holes, 351. (All dimensions in inches.)
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Tuel-lnjector sector,

'NACA RM ESTHO6

C-42184

configuration B.
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Holes per bar: 43 27 13
Bars requlred: 15 15 30
Bar: A B c
N & N
Radius, Burner shell
Number of Hole R . .
holes spacing|. . 4.7 - .
8 0.3 . . d
°] 0.3 : :
T N :
. ' 12 .
5 375 || 375 .
e . -
1l 1 1
L] . lo
8 .25 |. .
. |-25 .
N - .
. —ﬁ—.las : !
. . 8
6 .3 . .3 :
i )
. 6
9 .2 .
: .2
T !
. 4
T .3 .
| | —2—
N—.125

|

2

l

(a) Bar length and hole spacing.
Figure 9. - Radisl-bar-type fuel Iinjectors.

Tnconel; all bars, 1/32-inch wall dlameter.

-

CD~5803

27

Configuration, C to G; materisl,

(411 dimensions in inches.)



Burner shell

Ber A

e
'l

(Note: Bars B and C are 1 in.
downstream of bar A.)

2

Figure 9. - Concluded.

% Burner +
CD-5805
(b) Installation of radial bars.

Radial-bar-type fuel injectors. Configuration, C to G;

material, Tnconel; all bars, 1/32—111ch wall dlameter. (All dimensions in inches.)

82

S0HLST WH VOVN




g , ;
2 . g l§
. 1
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L1 LjH. |
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I
t * h o
. [y~ .

ENITIH B . i

‘0-41933

Figure 10, - Radiel-bar-type fuel injectora, configuration C,
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100
Py
(%)
8
ol
8 80
L]
G4
[H
ah
)
g8
%\
8 8
o=
g "
20

Engine-inlet Burner-iplet Burner-inlet
preasure, pressure, velocity,
1bfsq £t sbs 1bfsq £t abs  ft/sec
o 219 371412 607-627
o 270 408-508 602-643
o 322 477-627 593-654
A 372 529-715 574642
Burner-inlet .Y 425 578-848 584-648
pressure at D 452 §24-908 5TL-653
Tg = 1700° B, 0 480 794-902 558-569
1b/sq £t abs ) Burner-inlet temperature, Tg, 17009 R
{ AYA- 700 880 N
600 \J
4 f ,[ e 790
500 [
) ~
l 7 = > wL\?ﬁ"
/ 8. 490
/l 490 | 9107
.2 4 .6 .8 .6 .8 1.0 1.2 .4 .6 .8 1.0

(a) Burner configuration A
(fig. 2(a)); burner length,
27 inchea; exbavst-nozzle
area, 70 percent of full-
burner area.

Afterburner equivalence rstio, Pay

(b) Buwrper configuration B
(rig. 2(b)}; burnmer length,
39 inches; exhaust-nozzle
area, 80 percemt of full-

burner eres.

(c) Burner configuration A
(£ig. 2(s)); burper length,
69 inches; exhaust-nozzlae
area, 86 percent of full-
burner aresa,

Figure 11. - General exploratory ccmbustion efficlencies for conflguration A.
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Afterburner combustion efficlency, 1g,, percent

90

70

120

100

80

Direction of -
fuel Injection

flow S
Section A-A

AF— ,,— TA

ﬂl Fuel
bar
Gas

flow %

h
N

?

(2} Bogine-Inlet pressure, 273
pounds per square foot abso-
lute; burner-inlet pressure,
404-515 pounds per square foot
ebsolute; burner-inlet veloc-
1ty, 598-633 feet per second.

8802

17/

O~

.2 4 .6 .8

Afterburner equivelence ratio, g,

(b) Engine-inlet pressure, 479
pounds per squere foot ahso-
lute; burner-inlet pressure,
752-950 pounds per square foot
absolute; burner-inlet veloc-
1ty, 562-571 feet per second.

Flgure 12. - Effect of direction of

fuel injlection, configuration D.
Exhaust-nozzle area, 70 percent of
full-burner srea; burner length,
39 inches.

31



Fuel manifold pressure, in. Hg abs

Nap? percent

Combustion
t efficlency,

S NACA RM ES5THOS

Fuel-bar Fuel -injector
configuration orifice diam.,
in.
(o] c 0.023
O D 033
< E .046
Y Burner-inlet temperature, Ts,
1700° R
120
80
7 Lo
40 !
- W
O o
(o]
100
a 2
80 | C
.2 4 .6
Afterburner equivalence
ratio, Pep

Figure 13. - Effect of fuel-injector
orifice diameter (upstream injec-
tion). Exhaust-nozzle area, 70
percent of full-burner area; burn-
er length, 39 inches; engine-
inlet pressure, 274 pounde per
square foot absolute; burner-
inlet pressure, 423 to 510
pounds per square foot abso-
lute; burner-inlet wvelocity,

585 to 617 feet per second.
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NACA RM ESTHO6 ol 3%

5,

1055, (P5 - Pg)/P
percent

Afterburner total-pressure

Afterburner combustion
efficiency, g,
percent

18

14

10

80

60

40

Fuel bar
Configuration Diam., Blockage,
in. percent
o E 3/8 25
o F 1/2 33
< e} 5/8 42
hY Burner-inlet temperature, Tsg,

1700° R

1]

B

o

.2 A .6 .8 1.0 l.2
Afterburner equivalence ratio, Psh

Figure 14. - Effect of fuel-bar size (upstream injection).
Exhaust-nozzle area, 80 percent of full-burner ares;
burner length, 39 inches; englne-inlet pressure, 275
pounds per square foot absolute; burner-inlet pressure,
381 to 504 pounds per square foot absolute; burner-
inlet velocity, 608 to 847 feet per second.
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Afterburner total-
pressure loss,
(P5 - Pg)/PS, percent

Comhbustion efficiency, gh? percent

S NACA RM ESTEO6

Fuel- Number of Number BRlockage, Fuel-injection
ring injection of percent direction
configuration holes - rings
A 1440 13 25 10% Upstream +—
90% radial
a] B 2808 o’r 3BT 100% Upstream
Engine-inlet Burner-inlet
pressure,

1b/sq £t abs Pressure, Velocity,
1b/sq £t abs ft/sec

—ee 272 415-493 599-632
18 | 480 730-897 566-591
) Burner-inlet tempersture, Tg, 1700° R
i o
QO
14 ‘ai:?ild__
— "o = — - — - — g~ 6|
L~ -— ~F 7O L—d-
o )
10
100
sl
=g 0 L |
“ ~- __ =N
I
E'\ )
60 g ™~
el ~8d.
’,ET/J I
40
.2 4 .6 .8 1.0 1.2

Afterburner equivalence ratlo, ¢z

Figure 15. - Performance comparison of two concentric-ring-type fuel
injectors. Exhsust-nozzle area, 80 percent of full-burner eres;
burner length, 39 inches.
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Burner length,
in.
le) a7
o 39
Engine-inlet Burner-inlet
pressure,
1b/sq £t abs Pressure, Velocity,
1b/sq £t &bs ft/sec
P 273 392-504 592-641
g 18 ——— 480 689-891 570-~-605
E P Burner-iniet tempersture, T5,
E*i 1700° R
o o
= 0
8 8 " 0, D.../
0 g C — 0 ~
5< & = i AR~ ey
B e = — o
o3 A | 0O -
E '9! ’040
8 1
100
B AT
g X
@ s
"~ / / ‘Q%@L
e d , fa Ny
: T R
Y
g 60 — s
T 'ﬂ/u
: adl .
\>J
o
8 o T~
o
-E 40 < e} o
E=l
g
o
20 -
.2 4 .6 .8 1.0 1.2 1.4

Afterburner equivalence ratio, Paob

Figure 16. - Afterburner performance for two burmer lengths, fuel-ring
Exhaust-nozzle area, 80 percent of full-burner

configuration B.
eres,.
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Burner-inlet totel pressure,
PS’ l'b/sq £t abs

Burmer-
inlet

Burner-inlet total
tempera.gﬂure » Is,

1100

800

3

8

300

1900

1700

1500

1300

ft/sec
g

velocity,

8
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ogo

Exhaust-noczzle area,
percent full-

burner area

62
70
80

Engine-inlet

pressure,
1b/eq £t abs

274
481

Burner-inlet tempera-

ture, Tg, 1700° R

Balanced

cycle

O

cycle

Balanced

cycle

ik

e

] 3

— O A~

o

.2 4 .6
Afterburner equivelence ratio, Peb

.8

1.0

Figure 17. - Variations in burner enviromment and afterburner
performance for three canstant=area exhaust nozzles, fuel-

ring configuration B.

Burner length, 39 1inches.
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18
g
w
£ O
['}]
23
4P, 1t
584
28
e
pe g
§~ 10
A a
Q
ga
6
100
R
>
[5)
o
@
SE 80
«i @
9 O
G4 &
¢4
=
32
©» @ 60
wm =
=
£
[
40

oo

———— 481

Exhaust-nozzle area,

percent full-
burner area

62
70

80

Engine-inlet

pressure,
lb/sq £t abs

274

Burner-inlet tempera-

ture, T5, 1700° R

-—<>—<>c>1

!’

A7V

7

Y

Balanced cycl

v

Figure 17. - Concluded.

.2 4 .6

Afterburner equivalence ratio,_¢ab

.8

1.0

Variations in burner

environment eand afterburner performance for
three constant-area exhaust nozzles, fuel-

ring confliguration B.

inches.

AR

Burner length, 39

37



38

850

Burner-inlet
velocity,
ft/sec

S50

16

[
[3V]

Afterburper total-pressure loss,
(pg - Pa)/P5: percent

100

60

Combustion efficlency,
Nah? percent
m
s

SEEND. NACA RM ESTHOG

Burner-inlet

total pressure,
1b/eq £t abs

—— 488
S 890

e ) e S
— —tn t——
S

{a) Velocity.

L

L7 — = —— Extrapolated

{b) Pressure loss.

o] .2 4 ’ .6 .8
Afterburner equlvalence ratlo, Pap

(¢} Efficiency.
Figure 18, - Effect of burner pressure level on afterburner

performance for balanced-cycle operation, fuel-ring con-
figuration B. Burner length, 39 inches.
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Afterburner efflciency, Nab? percent

Curve Burner-inlet

Temperature, Pressure, Velocity;

o 1b/sq £t abs ft/sec
1 1450-1720 750-950 563-569
2 1545-1740 404-515 581 -601

120 3 1700 890 570

4 1700 . 750 610

Hydrogen

—

=~
~\\\\~
-\\\\\\\
80 ZK‘
JP-4
334

o ;/////////;‘ —

Lean /y 4/

blowoutb --\ 3’
40

.2 4 .6 .8 1.0

Afterburner equivelence ratio; @gp

Figure 19. - Performance comparison of hydrogen
and JP-4 fuels. Burner length, 38 inches; ra-

dlal fuel-bar injectors.
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Fuel-injector Exhaust-nozzle Burner
configuration ares., length,

percent full- in.
burner
(o] A (ring) 86 69
o- A (ring) 70 27
(=] B (ring) 80 39
<o G (bar) 86 39
—_——— — No screech
1000 |I—/———— Screech |
Screech | »
-~ /
q 800 }—No screech e o—1r—9"]
G L o
O a 7~ O
fa rg A, .
e
K / ,»Et
2 600 4 - QOO
oo Vd »
+ ! / 1 c/
-y 7 & _
% = /J/’:;d'“\‘ 5 =R
— 0 7 | =
'R 400 —_t A
=)
200
.2 4 .6 .8 1.0 1.2 1.4

Afterburner equivalence ratio, Qg

Figure 20. - Occurrence of audlble screech at steady-
state operating conditions as noted for all confligu-
rations investigated. (Data points represent operation
in screech.)

- NACA - Langley Fleld, Va.
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